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METHOD AND APPARATUS FOR
RADIATION EFFECTS DETECTION

RELATED APPLICATIONS

This application claims the benefit under 35 U.S.C. 119(e)
of U.S. Provisional Patent Application Ser. No. 61/024,820,
filed on Jan. 30, 2008, which 1s incorporated herein by refer-
ence 1n 1t entirety.

BACKGROUND

Implantable medical devices (IMDs) include devices
designed to be implanted 1nto a patient. Some examples of
these devices include cardiac function management (CFM)
devices such as implantable pacemakers, implantable cardio-
verter defibrillators (ICDs), cardiac resynchronization
therapy devices (CRTs), and devices that include a combina-
tion of such capabilities. The devices can be used to treat
patients using electrical or other therapy or to aid a physician
or caregiver 1n patient diagnosis through internal monitoring
ol a patient’s condition. The devices can include one or more
clectrodes 1n communication with one or more sense ampli-
fiers to monitor electrical heart activity within a patient, and
often include one or more sensors to monitor one or more
other internal patient parameters. Other examples of implant-
able medical devices include implantable diagnostic devices,
implantable drug delivery systems, or implantable devices
with neural stimulation capability.

OVERVIEW

Patients with CFM devices can be exposed to radiation
alter an implant procedure. The patients can have co-morbidi-
ties that require diagnostic x-rays (e.g., a computed tomog-
raphy, or CT, scan) or radiation therapy (e.g., as a cancer
treatment). As medical technology continues to improve,
patients with IMDs will live longer and the likelihood that
they could become exposed to such radiation increases. The
radiation can iduce changes 1n an implanted CFM device
that can negatively impact its operation.

This document relates generally to systems, devices, and
methods for monitoring hemodynamic parameters of a
patient or subject. In example 1, an apparatus includes a solid
state electronic circuit and a sensor. The sensor 1s configured
to detect an exposure of the solid state electronic circuit to
ionizing radiation, and generate an indication of a non-single-
event-upset (non-SEU) eflect to the solid state electronic
circuit from the exposure to 10omzing radiation.

In example 2, the apparatus of example 1 optionally
includes a controller circuit communicatively coupled to the
ionizing radiation exposure sensor. The controller circuit 1s
configured to quantity the effect to the solid state electronic
circuit from the indication generated by the 1oni1zing radiation
EXpOosure sensor.

In example 3, the controller circuit of examples 1 and 2 1s
optionally configured to alter operation of the apparatus
according to the indication of the non-SEU etfect.

In example 4, the apparatus of examples 1-3 includes a
plurality of solid state electronic circuits configured to per-
torm different functions at a plurality of different locations 1n
the apparatus, and a plurality of 1ionizing radiation exposure
sensors disposed at the different locations. The controller
circuit 1s configured to 1nhibit or deactivate a function of the
apparatus when an 1onizing radiation exposure sensor indi-
cates a permanent non-SEU eflfect to the solid state electronic
circuit at a location corresponding to the function.
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In example 5, the apparatus of examples 1-4 optionally
includes a comparison circuit commumnicatively coupled to
the 1on1zing radiation exposure sensor and the controller cir-
cuit, wherein the 1omzing radiation exposure sensor includes
a test transistor, and wherein the controller circuit 1s config-
ured to alter operation of the apparatus if the comparison
circuit indicates a shift in an operating curve of the test tran-
sistor after exposure to radiation.

In example 6, the test transistor of examples 1-5 optionally
comprises a test field effect transistor (FET), and wherein the
comparison circuit 1s configured to indicate a shift 1n drain-
source current for a specified gate-source voltage applied to
the test FET.

In example 7, the apparatus of examples 1-6 optionally
includes a comparison circuit communicatively coupled to
the 1on1zing radiation exposure sensor and the controller cir-
cuit, wherein the 1onizing radiation exposure sensor includes
a test junction diode, and wherein the controller circuit i1s
configured to alter operation of the apparatus 11 the compari-
son circuit indicates a shift 1n an operating curve of the test
junction diode after exposure to radiation.

In example 8, the 1onizing radiation exposure sensor of
examples 1-7 optionally includes a test amplifier circuit that
includes a bipolar junction transistor. The comparison circuit
1s optionally configured to indicate a shift in signal gain of the
test amplifier circuit for a specified input signal applied to the
amplifier circuit.

In example 9, the apparatus of examples 1-8 optionally
include a plurality of solid state electronic circuits disposed at
a plurality of different locations 1n the apparatus and a plu-
rality of 1onizing radiation exposure sensors disposed at the
different locations. The 1onizing radiation exposure sensors
include different circuit structures to monitor different oper-
ating parameters, and wherein the controller circuit 1s config-
ured to quantify the effect to a solid state electronic circuit
using the different momitored operating parameters.

In example 10, the radiation exposure sensors of examples
1-9 optionally include at least one of: a PN junction diode test
circuit, a schottky junction diode test circuit, an N-channel
FET test circuit, a P-channel FET test circuit, an NPN bipolar
junction transistor test circuit, and a PNP bipolar junction
transistor test circuat.

In example 11, the sensor of examples 1-10 optionally
comprises an accumulated 10n1zing radiation exposure sensor
configured to generate the indication of a non-SEU eflect to
the solid state electronic circuit from the solid state electronic
circuit’s accumulated exposure to 1onizing radiation.

In example 12, the apparatus of examples 1-11 optionally
includes an 1onizing radiation dose rate sensor communica-
tively coupled to the controller circuit, and wherein the con-
troller circuit 1s configured to blank the indication from the
accumulated 1onizing radiation exposure sensor when the
radiation dose rate sensor indicates that flux 1onizing radia-
tion exceeds a flux 1onizing radiation threshold.

In example 13, the sensor of examples 1-12 optionally
comprises an 1onizing radiation dose rate sensor configured to
generate the indication of a non-SEU effect to the solid state
clectronic circuit from the solid state electronic circuit’s
exposure to flux 1onizing radiation that exceeds a flux 10ni1z-
ing radiation threshold.

In example 14, the apparatus of examples 1-13 optionally
comprises a cardiac function management (CFM) device, and
wherein the controller circuit 1s configured to blank any sens-
ing features of the CFM device when the 10n1zing radiation
dose rate sensor detects high flux 1onizing radiation.
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In example 13, the 1onmizing radiation dose rate sensor of
examples 1-14 optionally includes at least one of a junction
diode or a bipolar junction transistor.

In example 16, the apparatus of examples 1-15 optionally
comprises a CFM device, The controller circuit 1s optionally
configured to, according to the indication of the non-SEU
elfect, transition the CFM device to a mode that provides
pacing therapy to a ventricle when a V-V 1nterval exceeds a
specified ventricular interval without timing the pacing of the
ventricle from an atrial cardiac event, and that provides pac-
ing therapy without regard to any intrinsic cardiac depolar-
1zation event occurring in the ventricle.

In example 17, the apparatus of examples 1-16 optionally
includes a read only memory (ROM) communicatively
coupled to the controller circuit, and wherein the controller
circuit 1s configured to, according to the indication of the
non-SEU etflect, transition the apparatus to a mode where the

controller circuit only performs program instructions that are
included in the ROM.

In example 18, the apparatus of examples 1-17 optionally
includes a reset circuit communicatively coupled to the con-
troller circuit, and wherein the controller circuit 1s configured
to 1nitiate a reset to the apparatus according to the indication
of the non-SEU eflect.

In example 19, the solid state electronic circuit of examples
1-18 optionally comprises an integrated circuit (IC). The
1onizing radiation exposure sensor 1s optionally configured to
indicate a shift in a first operating parameter of the IC, and the
controller circuit 1s optionally configured to modily a second
operating parameter of the IC to accommodate the shift in the
first operating parameter.

In example 20, the apparatus of examples 1-19 optionally
includes a plurality of integrated circuits (ICs), each IC
includes an 10n1zing radiation exposure sensor communica-
tively coupled to the controller circuit, and the ICs are fabri-
cated using different IC processes.

In example 21, the apparatus of examples 1-20 optionally
includes a memory communicatively coupled to the control-
ler circuit and configured to store an indication of the non-
SEU effect, and a communication circuit communicatively
coupled to the controller circuit and configured to communi-
cate with an external unit, and wherein the controller circuit 1s
configured to communicate the indication of the non-SEU
elfect to the external unit.

In example 22, the apparatus of examples 1-21 optionally
includes a plurality of 1oni1zing radiation exposure sensors.
The 1onizing radiation exposure sensors are disposed with
varying orientations to detect exposure to varying orienta-
tions of 1on1zing radiation.

In example 23, the apparatus of examples 1-22 1s option-
ally included 1n at least one of a CFM device, a neural stimu-
lation device, a drug delivery device, or a diagnostic device.

Example 24can include, or optionally be combined with
the subject matter of one or any combination of examples
1-23 to 1include subject matter such as a method comprising
detecting exposure of a solid state electronic circuit of an
implantable medical device to 10n1zing radiation, and gener-
ating an indication of a non-single-event-upset (non-SEU)
cifect to the solid state electronic circuit from the exposure to
ionizing radiation.

In example 25, the detecting exposure to 10ni1zing radiation
of example 24 optionally includes detecting exposure using
an accumulated 1onizing radiation exposure sensor that gen-
erates the indication of a non-SEU effect to the solid state
clectronic circuit from the solid state electronic circuit’s
accumulated exposure to 1onizing radiation.
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In example 26, the detecting exposure to 10ni1zing radiation
of examples 24 and 25 optionally includes detecting exposure
using an 1onizing radiation dose rate sensor that generates the
indication of a non-SEU effect to the solid state electronic
circuit when the solid state electronic circuit 1s exposed to flux
ionizing radiation that exceeds a flux ionizing radiation
threshold.

In example 27, the methods of examples 24-26 optionally
includes communicating historical data regarding a non-SEU
elfect to an external device.

In example 28, the methods of examples 24-27 optionally
includes altering operation of the IMD according to the 1ndi-
cation of the non-SEU eifect to the solid state electronic
circuit.

This overview 1s intended to provide an overview of subject
matter of the present patent application. It 1s not intended to
provide an exclusive or exhaustive explanation of the inven-
tion. The detailed description 1s included to provide further
information about the present patent application.

BRIEF DESCRIPTION OF THE DRAWINGS

In the drawings, which are not necessarily drawn to scale,
like numerals may describe similar components in different
views. Like numerals having different letter suffixes may
represent different instances ol similar components. The
drawings 1llustrate generally, by way of example, but not by
way ol limitation, various embodiments discussed in the
present document.

FIG. 1 1s an 1illustration of an example of portions of a
system that uses an IMD.

FIGS. 2A-B show an example of an IMD that does not use
intravascular leads to sense cardiac signals.

FIG. 3 1s a flow diagram of an embodiment of a method to
detect non-SEU etflects of 1onizing radiation on an IMD.

FIG. 4 1s a block diagram of an embodiment of portions of
an IMD.

FIG. 5A shows an example of an 1on1zing radiation expo-
SUre Sensor.

FIG. 5B shows an example of conceptual voltage-current
curves for an NMOS transistor before and after exposure to
1onizing radiation.

FIG. 6 shows an example of an 1onizing radiation dose rate
SENSOr.

FI1G. 7 shows another example of an 10nizing radiation dose
rate sensor.

FIG. 8 15 a block diagram of another embodiment of por-
tions of another IMD.

DETAILED DESCRIPTION

An implantable medical device (IMD) can include one or
more of the features, structures, methods, or combinations
thereof described herein. For example, a cardiac monitor or a
cardiac stimulator can be implemented to include one or more
of the advantageous features and/or processes described
below. It 1s intended that such a monitor, stimulator, or other
implantable or partially implantable device need not include
all of the features described herein, but can be implemented to
include selected features that provide for unique structures
and/or functionality. Such a device can be implemented to
provide a variety of therapeutic or diagnostic functions.

FIG. 1 1s an 1illustration of portions of an example of a
system 100 that uses an IMD 105. Examples of IMD 105
include, without limitation, a pacemaker, a cardioverter, a
defibrillator, a cardiac resynchronization therapy (CRT)
device, and other cardiac monitoring and therapy delivery
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devices, including cardiac devices that include or work 1n
coordination with one or more neuro-stimulating devices,
drugs, drug delivery systems, or other therapies. As one
example, the system 100 shown 1s used to treat a cardiac
arrhythmia. The IMD 105 typically includes an electronics
unit coupled by one or more cardiac leads 110, 115,125, to a
heart of a patient or subject. The electronics unit of the IMD
105 typically includes components that are enclosed 1n a
hermetically-sealed canister or “can.” The system 100 also
typically includes an IMD programmer or other external sys-
tem 190 that communicates one or more wireless signals 185
with the IMD 105, such as by using radio frequency (RF) or
by one or more other telemetry methods.

The example shown includes right atrial (RA) lead 110
having a proximal end 111 and a distal end 113. The proximal
end 111 1s coupled to a header connector 107 of the IMD 105.
The distal end 113 1s configured for placement 1n the RA in or
near the atrial septum. The RA lead 110 can include a pair of
bipolar electrodes, such as an RA tip electrode 114 A and an
RA ring electrode 114B. The RA electrodes 114A and 114B
are 1ncorporated into the lead body at distal end 113 for
placement 1n or near the RA, and are each electrically coupled
to IMD 105 through a conductor extending within the lead
body. The RA lead 1s shown placed in the atrial septum, but
the RA lead can be placed 1in or near the atrial appendage, the
atrial free wall, or elsewhere.

The example shown also includes a right ventricular (RV)
lead 115 having a proximal end 117 and a distal end 119. The
proximal end 117 1s coupled to a header connector 107. The
distal end 119 1s configured for placement 1n the RV. The RV
lead 115 can 1include one or more of a proximal defibrillation
clectrode 116, a distal defibrillation electrode 118, an RV tip
clectrode 120A, and an RV ring electrode 120B. The defibril-
lation electrode 116 1s generally incorporated into the lead
body such as 1n a location suitable for supraventricular place-
ment 1 the RA and/or the superior vena cava. The defibril-
lation electrode 118 is incorporated 1nto the lead body near
the distal end 119 such as for placement in the RV. The RV
clectrodes 120A and 120B can form a bipolar electrode pair
and are generally incorporated into the lead body at distal end
119. The electrodes 116, 118, 120A, and 120B are each
clectrically coupled to IMD 103, such as through one or more
conductors extending within the lead body. The proximal
defibrillation electrode 116, distal defibrillation electrode
118, or an electrode formed on the can of IMD 105 allow for
delivery of cardioversion or defibrillation pulses to the heart.

The RV tip electrode 120A, RV ring electrode 120B, or an
clectrode formed on the can of IMD 105 allow for sensing an
RV electrogram signal representative of RV depolarizations
and delivering RV pacing pulses. In some examples, the IMD
includes a sense amplifier circuit to provide amplification
and/or filtering of the sensed signal. RA tip electrode 114 A,
RA ring electrode 114B, or an electrode formed on the can of
IMD 105 allow for sensing an RA electrogram signal repre-
sentative of RA depolarizations and allow for delivering RA
pacing pulses. Sensing and pacing allows the IMD 105 to
adjust timing of the heart chamber contractions. In some
examples, the IMD 103 can adjust the timing of ventricular
depolarizations with respect to the timing of atrial depolar-
1zations by sensing electrical signals in the RA and pacing the
RV at the desired atrial-ventricular (AV) delay time.

A left ventricular (LV) lead 125 can include a coronary
pacing or sensing lead that includes an elongate lead body
having a proximal end 121 and a distal end 123. The proximal
end 121 1s coupled to a header connector 107. A distal end 123
1s configured for placement or insertion 1n the coronary vein.
The LV lead 125 can include an LV ring or tip electrode 128A
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and an LV ring electrode 128B. The distal portion of the LV
lead 125 1s configured for placement in the coronary sinus and
coronary vein such that the LV electrodes 128 A and 128B are
placed 1n the coronary vein. The LV electrodes 128 A and
1288 can form a bipolar electrode pair and are typically
incorporated into the lead body at distal end 123. Each can be
clectrically coupled to IMD 105 such as through one or more
conductors extending within the lead body. LV tip electrode
128 A, LV ring electrode 128B, or an electrode formed on the
can of the IMD 105 allow for sensing an LV electrogram
signal representative of LV depolarizations and delivering LV
pacing pulses.

The IMDs can be configured with a variety of electrode
arrangements, including transvenous, epicardial electrodes
(1.e., intrathoracic electrodes), and/or subcutaneous, non-in-
trathoracic electrodes, including can, header, and indifferent
clectrodes, and subcutaneous array or lead electrodes (i.e.,
non-intrathoracic electrodes). Some IMDs are able to sense
signals representative of cardiac depolarizations using elec-
trodes without leads.

FIGS. 2A-B show an example of an IMD 200 that does not
use intravascular leads to sense cardiac signals. FIG. 2A
shows that the IMD 200 includes a thicker end 213 to hold the
power source and circuits. The IMD 200 also includes elec-
trodes 225 and 227 for remote sensing of cardiac signals.
Cardioversion and/or defibrillation are provided through
clectrodes 215 and 217. FIG. 2B shows an example of the
IMD 200 positioned within a patient.

An IMD can be exposed to diagnostic or therapeutic radia-
tion doses that can negatively impact 1ts operation. This type
of radiation can be referred to as 1onizing radiation (e.g.,
exposure to radioactive cobalt) to distinguish from radiation
such as electromagnetic imterference (EMI) that 1s typically
dealt with 1n an IMD using EMI filters.

Despite the protection provided by the hermetically sealed
can, ionizing radiation can penetrate to internal semiconduc-
tor devices. This penetrating radiation can cause a transient
change or a permanent change (e.g., damage) to the operation
of the device.

Some transient changes can include single event upsets
(SEUs). A typical SEU corrupts memory (e.g., random access
memory or RAM) resulting 1n a memory error. For example,
an alpha particle impinging on a semiconductor substrate of a
memory can generate electron-hole pairs that corrupt data
stored as a charge on a capacitive element. The SEU can be
resolved through memory checking during or after the expo-
sure to the radiation. An example of systems and methods to
detect and correct SEUs are described in Hoyme et al., U.S.
Patent Publication No. 200350216063, titled “System and
Method for Recovery from Memory Errors i Medical
Device” which 1s incorporated herein by reference in 1ts
entirety.

The penetrating radiation can cause other changes (which
are not SEUs) to semiconductor devices of the IMD. These
non-SEU changes (transient or permanent) include changes
to semiconductor operating parameters that are the result of
accumulated total dose of the radiation or due to the radiation
exposure dose rate.

An accumulated dose of 1on1zing radiation can damage the
semiconductor lattice structures. This damage can lead to
minority carrier disruptions that can particularly atlect bipo-
lar junction transistors (BJTs). The damage can also lead to
trapped charge at junction interfaces as well as oxide trapped
charge that primanly affect metal oxide semiconductor
(MOS) transistors including p-channel MOS (PMOS) tran-
sistors and n-channel (NMOS) transistors which comprise
complimentary metal oxide semiconductor (CMOS) transis-
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tors. The effect of the radiation on the semiconductor lattice
structure can lead to shifts 1n operating parameters such as
transistor threshold voltage, or transistor off-state current
leakage. Also, CMOS devices can be used in the majority of
circuits of an IMD, and thus CMOS device performance often
determines overall IMD performance. Degradation of the
performance of CMOS devices can be manifested as reduced
IMD sensing capability and decreased IMD longevity.

By placing one or more circuits that monitor one or more

semiconductor operating parameters within an IMD, the
ellect of total dose or dose rate on the semiconductor devices
can be measured. Once the effect of the 10n1zing radiation on
semiconductor devices has been measured, the IMD can
implement one or more counteractions to address the radia-
tion effect.

FI1G. 3 1s a flow diagram of an embodiment of a method 300
to detect non-SEU effects of 1on1zing radiation on an IMD. At
block 305, a sensor 1s incorporated into an IMD. The IMD
includes a solid state electronic circuit and the sensor detects
exposure of the solid state electronic circuit to 10mzing radia-
tion. The solid state electronic circuit can provide a function
of the IMD, or can be a multi-function integrated circuit (I1C).
At block 310, an 1indication 1s generated of a non-SEU effect
to the solid state electronic circuit from the exposure to 10n-
1zing radiation.

FIG. 4 1s a block diagram of an embodiment of portions of
an IMD 400. The IMD 400 includes a solid state electronic
circuit 405 and a sensor 410. The sensor 1s configured to
detect an exposure of the solid state electronic circuit to
ionizing radiation, and to generate an indication (e.g., an
clectrical sensor signal) of a non-SEU effect to the solid state
clectronic circuit from the exposure to 1onizing radiation. In
some examples, the IMD 400 includes a controller circuit 415
communicatively coupled to the 1onizing radiation exposure
sensor 410. The communicative coupling allows the control-
ler circuit 415 to exchange electrical signals with the 10n1zing
radiation exposure sensor 410 even though intervening cir-
cuitry can be present. The controller circuit 415 quantifies the
elfect to the solid state electronic circuit from the indication
generated by the 1onizing radiation exposure sensor. In some
examples, the solid state electronic circuit 405 1s included 1n
the controller circuit 415.

The controller circuit 415 can include a digital signal pro-
cessor, application specific integrated circuit (ASIC), micro-
processor, or other type of processor, interpreting or execut-
ing 1nstructions in software or firmware. The controller
circuit 415 can include any combination of hardware, firm-
ware, or software. In some examples, the controller circuit
415 can include a state machine or sequencer that 1s 1mple-
mented in hardware circuits. The controller circuit 4135 can
include one or more modules to perform the functions
described herein. A module can include software, hardware,
firmware or any combination thereotf. For example, a module
can 1include 1nstructions 1n soitware executing on the control-
ler circuit 415. Multiple functions can be performed by one or
more modules.

In some examples, the 10nizing radiation exposure sensor
410 1ncludes a test transistor. FIG. SA shows an example of an
ionizing radiation exposure sensor 310 that includes a test
NMOS transistor. FIG. SB shows two conceptual (not real
data) voltage-current (VI) curves for an NMOS transistor
before and after exposure to 1omzing radiation. The curves
show that the non-SEU eflect from radiation exposure 1s
expected to 1mclude an increase in ofi-state leakage current
and a decrease 1n threshold voltage. Because of the decrease
in drain-source current (I ;) shown in the curves, the circuit of
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FIG. 5A will have adecrease inV_  foragivenV, . Thus, the
non-SEU effect can be detected from a shiftinV__ .

In FIG. 5B, the curves illustrate a non-SEU that resultsin a
decrease 1n threshold voltage (i.e., a shift to the left). The
non-SEU effect can be an increase 1n threshold voltage (1.¢.,
a shift to the right of the curve). Which way the threshold
voltage shilts depends on the total radiation dose. For NMOS
transistors, the threshold voltage decreases when the total
radiation dose 1s high enough to cause oxide trapped charge to
dominate over the interface trapped charge, and the threshold
voltage increases when the interface trapped charge domi-
nates over the oxide trapped charge. For PMOS transistors,
the threshold voltage decreases regardless of whether the
oxide trapped charge or the interface trapped charge domi-
nates.

To monitor the operating parameters of the test transistor,
V. can be ramped using a digital to analog (D/A) converter.
Increasing digital values are provided to the input of the D/A
converter (e.g., by the controller circuit 415) to generate a
ramping analog voltage for V. The resulting V___ of the test
transistor can be monitored using an A/D converter. A D/A
converter at VvV, and a A/D converter at V__. allows VI oper-
ating curves such as those shown 1n FIG. 5B to be created by
the IMD 400 1n FIG. 4.

In some examples, the IMD 400 includes a comparison
circuit 420 communicatively coupled to the 1onizing radia-
tion exposure sensor 410 and the controller circuit 415. The
comparison circuit 420 compares one or more values of the
operating curve to one or more operating curve threshold
values and provides an indication (e.g., a change 1n a digital
logic level at 1ts output) to the controller circuit 415 when the
operating curve value 1s shifted by more than the operating
curve threshold value. In some examples, seli-referencing 1s
used 1n the comparison. In an example of self-referencing, the
controller circuit 4135 stores one or more operating curve
values 1n a register or memory area at a specified point 1n time,
such as at a pre-implant time. The comparison circuit 420
provides an indication when a current monitored operating
curve value differs from the stored value by more than a
specified threshold value.

In some examples, the circuit of FIG. SA can be used
together with radiation-hardened dedicated hardware to
develop the ramp test voltages upon command of controller
circuit 4135. Fixed comparator levels can be used to detect
quantized parametric threshold shifts without using radiation
susceptible pulse generator hardware such as an A/D con-
verter.

The controller circuit 415 alters operation of the IMD 400
if the comparison circuit 420 indicates a shift 1n an operating
curve ol the test transistor after exposure to radiation. An
example of altering operation of the IMD 400 includes deac-
tivating features of the IMD 400 that are associated with use
of the solid state electronic circuit 403. In some examples, the
IMD 400 includes a memory 4235 integral to, or communica-
tively coupled to, the controller circuit 415. The memory 425
includes a read only memory (ROM) area. When an 1ndica-
tion of a non-SEU eflect 1s received from the comparison
circuit, the controller circuit 4135 can then transition the appa-
ratus to a mode where the controller circuit 4135 only executes
program instructions that are included 1n the ROM. In certain
examples, the mstructions in ROM implement a device fail-
ure mode that provides reduced device functionality (e.g., a
safety mode).

Another example of altering operation of the IMD 400 1n
response to a non-SEU elffect includes deactivating a micro-
processor used for full-functionality program execution and
activating dedicated hardware 1n controller circuit 415 that




US 7,935,936 B2

9

provides reduced tunctionality. The reduced functionality can
include cardioversion/defibrillation shock therapy and/or
support pacing. Descriptions of devices and methods that
continue to provide tachyarrhythmia shock therapy in the
presence of system faults are found in Stubbs et al., “System
and Method for Providing Tachyarrhythmia Therapy by an
Implantable Device in Presence of System Faults, U.S. Patent
Application Publication No. 20060253158, filed May 5,
20035, which 1s incorporated herein 1n its entirety. Descrip-
tions of devices and methods that continue to provide support
pacing therapy in the presence of system faults are found in
Stubbs et al., “System and Method for Providing Bradycardia
Therapy by an Implantable Device in Presence of System
Faults, U.S. Patent Application Publication No.
20060253009, filed May 5, 2005, which 1s incorporated
herein 1n 1ts entirety.

In some examples, the 1onizing radiation exposure sensor
410 includes a test field effect transistor (FET), such as a
metal oxide semiconductor field effect transistor MOSFET),
and the comparison circuit 420 indicates a shift in drain-
source current for a specified gate-source voltage applied to
the test MOSFET.

In some examples, the 1onizing radiation exposure sensor
410 1ncludes atest junction diode, such as a PN junction diode
or a Schottky junction diode. The comparison circuit 420
provides an indication to the controller circuit 415 1f an oper-
ating curve of the test junction diode 1s shifted. The controller
circuit 415 can be configured to alter operation of the IMD
400 1t the comparison circuit 420 indicates a shift in an
operating curve of the test junction diode after exposure to
radiation.

In some examples, the 1onizing radiation exposure sensor
410 includes a test amplifier circuit that includes a bipolar
junction transistor. To monitor operation of the amplifier cir-
cuit, a specified input signal 1s provided to the amplifier input
and the output signal 1s momtored to determine the signal
gain. As with the NMOS circuit, the input signal can be
provided by a D/A converter and the output signal can be
monitored using an A/D converter. The comparison circuit
provides an 1indication when there 1s a shift in signal gain of
the test amplifier circuit. The controller circuit 415 alters
operation of the IMD 400 1f the comparison circuit 420 indi-
cates a shift 1in signal gain of the test amplifier circuit after
exposure to radiation.

The test transistor circuit of FIG. 5A 1s an example of an
accumulated 1onm1zing radiation exposure sensor. An accumu-
lated 10nizing radiation exposure sensor generates the indi-
cation of a non-SEU etlect to the solid state electronic circuit
from the solid state electronic circuit’s accumulated exposure
to 1onmizing radiation. For the sensor in FIG. 5A, the indication
1s the shitt in'V__ . This type of sensor can be referred to as a
dosimeter.

Another type of suitable 1on1zing radiation exposure sensor
1s a dose rate sensor. This type of sensor generates the indi-
cation of a non-SEU effect to the solid state electronic circuit
from the solid state electronic circuit’s exposure to high flux
ionizing radiation, such as when the solid state circuit is
exposed to flux 1onizing radiation that exceeds a predeter-
mined flux 1onizing radiation threshold. An 1on1zing radiation
dose rate sensor can be referred to as a fluximeter.

FIG. 6 shows an example of an iomzing radiation dose rate
sensor 600 that includes a diode 603, such as a photo diode or
a junction diode. During exposure to 1onizing radiation, the
diode 6035 produces a current that produces a measurable
voltageV___across resistor 610. The indication of exposure to
the 1onizing radiation can be when V_ . exceeds a specified
voltage threshold.
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FIG. 7 shows another example of an 1on1zing radiation dose
rate sensor that includes a bipolar junction transistor (BJT)
705. The base of the BIT 1s floating and 1s arranged so that
ionizing radiation 1s incident on the base creating electron-
hole pairs. The electron-hole pairs create emitter to collector
current that produces a measurable voltage V_ _ across resis-
tor 710.

It should be noted that the test circuits are also susceptible
to the 1oni1zing radiation. This susceptibility should be kept in
mind when designing the test circuits and when choosing
approprate threshold shiits that determine a non-SEU effect.
In some examples, the 10n1zing radiation exposure sensor 410
of FIG. 4 includes both an accumulated 1onizing radiation
exposure sensor and an 1onizing radiation dose rate sensor.
The controller circuit 415 blanks the indication from the
accumulated 1onizing radiation exposure sensor when the
radiation dose rate sensor indicates high flux radiation. This
reduces the chance of an erroneous indication from the accu-
mulated 1on1zing radiation exposure sensor during detected
high flux radiation.

In some examples, the solid state electronic circuit 403 1s
an IC. The IC can be a multi-functional IC. The 10nizing
radiation exposure sensor 410 monitors at least one operating
parameter of the IC and indicates a shiit in the first operating
parameter of the IC. The controller circuit 415 modifies a
second operating parameter of the IC to accommodate the
shift 1n the first operating parameter. As an illustrative
example, 1f the first operating parameter 1s the operating
curve of a transistor or transistors, the controller circuit 415
can modily a supply voltage for the transistors, such as by
reducing the voltage supply or switching 1n a different supply
voltage for the transistors. I the voltage supply 1s changed,
the controller circuit 415 can recalculate the useful life of the
IMD battery based on the adjusted supply voltage.

In another example, 11 the first operating parameter 1s the
operating curve of a transistor, the controller circuit 415 can
modily a detection threshold (e.g., a comparator threshold)
for a signal output from the transistor. In yet another example,
if the first operating parameter 1s signal gain of an amplifier,
dedicated on-board calibration hardware can be used to reca-
librate one or more amplifiers 1n order to recover any lost
signal gain.

In some examples, the IMD 400 includes a plurality of
solid state electronic circuits disposed at a plurality of differ-
ent locations 1n the IMD 400. Each location can include a
solid state electronic circuit that performs a function different
from a solid state electronic circuit at another location. The
IMD 400 also 1includes a plurality of 10n1zing radiation expo-
sure sensors disposed at the different locations, with at least
one 1onizing radiation exposure sensor 410 at each location.
The controller circuit 415 deactivates a function of the appa-
ratus when an 1onizing radiation exposure sensor 410 indi-
cates a permanent non-SEU eflfect to the solid state electronic
circuit 405 at a location corresponding to the function.

Radiation therapy can be omni-directional (e.g., a radioac-
tive solid source) or can have a specific direction and radiation
pattern (e.g., a beam from a linear accelerator). For 1onizing
radiation from a beam source, proper orientation of the radia-
tion monitoring structure and/or circuit 1s useful to ensure
detection. The spatial relationship between the IMD 400 and
the penetrating radiation depends on the type of radiation
therapy, the patient orientation, the IMD ornentation, and the
radiation monitor structure orientation within the IMD. In
some examples, the IMD 400 includes a plurality of 1onizing
radiation exposure sensors. The 1onizing radiation exposure
sensors are disposed with varying orientations to detect expo-
sure to varying orientations of 1omzing radiation.
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In certain examples, the 1on1zing radiation exposure sen-
sors include MOS transistors that can be oriented so that their
channels are mutually orthogonal to provide directional cov-
erage. In certain examples, the 1onizing radiation exposure
sensors iclude MOS transistors and a monitoring circuit to
measure leakage current from parasitic diodes within the
MOS ftransistors. The monitoring circuit measures both the
source-drain leakage current in addition to leakage current
from the parasitic source-body or drain-body diodes. Mea-
suring the source-drain current provides device monitoring in
a first axis direction (the lateral axis to the IC) while moni-
toring leakage current from the source-body or drain-body
parasitic diodes provides device monitoring in a second axis
direction (the normal axis to the IC). This concept can be
expanded to provide monitoring 1n a third axis direction by
turning the transistors sideways to one another. Operating the
MOS transistors 1n weak-inversion can increase their sensi-
tivity to 1oni1zing radiation.

Typically, all of the circuits 1n the IMD 400 are subject to
approximately the same total radiation dose. However, use of
multiple monitoring circuits in the IMD 400 can provide
comprehensive monitoring of the effects of the 1omizing
radiation. The solid state electronic circuits 1 the IMD can
have different structures that respond differently to similar
doses of radiation. In some examples, the IMD 400 includes
a plurality of solid state electronic circuits disposed at a
plurality of different locations in the apparatus and a plurality
of 1onizing radiation exposure sensors disposed at the differ-
ent locations. In some examples, the plurality of solid state
clectronic circuits includes a plurality ICs. Each IC includes
an 1onmizing radiation exposure sensor communicatively
coupled to the controller circuit 415. Some of the ICs can be
fabricated using different IC processes.

The 1on1zing radiation exposure sensors can include differ-
ent circuit structures to monitor different operating param-
eters of one or more solid state circuits. The controller circuit
415 quantifies the effect to the solid state electronic circuits
using the different monitored operating parameters.

A non-exhaustive list of circuits that can be used 1n the
ionizing radiation exposure sensors include a PN junction
diode test circuit, a schottky junction diode test circuit, an
N-channel MOSFFET test circuit, a P-channel MOSFET test
circuit, an NPN bipolar junction transistor test circuit, and a
PNP bipolar junction transistor test circuit. Other circuits and
techniques which measure charge can be used. The monitor-
ing circuits generate an indication of a non-SEU effect to the
solid state electronic circuit from the exposure to 10nizing
radiation. The controller circuit 4135 quantifies the effect to the
solid state electronic circuit from indications provided by the
monitoring circuits, such as by determining a shiit in an
operating curve ol a monitoring circuit. The controller circuit
415 can alter operation of the IMD 400 according to the
indications.

FIG. 8 1s a block diagram of another embodiment of por-
tions of an IMD 800. The IMD 800 includes a solid state
clectronic circuit 805, an 10n1zing radiation exposure sensor
810, and a controller circuit 815. The IMD 800 1s a CFM
device and includes a therapy circuit 830. In some examples,
the therapy circuit 830 provides pacing therapy via implant-
able electrodes. When an indication of a non-SEU effect 1s
recelved, the controller circuit 815 transitions the IMD 800 to
a mode that provides pacing therapy to a ventricle when a V-V
interval exceeds a specified ventricular interval without tim-
ing the pacing of the ventricle from an atrial cardiac event, and
provides pacing therapy without regard to any intrinsic car-
diac depolarization event occurring 1n the ventricle (e.g., the

NASPE/BPEG-defined VOO mode). In some examples, the
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controller circuit 815 adjusts therapy calibration values when
an indication of a non-SEU efiect 1s received.

In some examples, the IMD 800 includes areset circuit 835
communicatively coupled to the controller circuit 815. The
reset circuit 835 provides a systematic reset to the IMD 800
which makes sure the IMD 800 1s brought to known state in a
systematic fashion. The controller circuit 813 initiates a
device reset according to the indication of the non-SEU
elfect. In certain examples, the reset circuit 835 sequentially
powers down and then powers up the solid state electronic
circuit. This can resolve some transient non-SEU events. For
example, resetting the power supplies to the solid state elec-
tronic circuit can resolve a latch-up condition 1n CMOS
devices.

In some examples, the IMD 800 includes a communication
circuit 840 to communicate with an external unit or system.
The controller circuit 815 stores the indication of a non-SEU
eifect in memory and communicates indication of the non-
SEU effect to the external unit. In some examples, indications
of non-SEU events are stored as a log in memory of the IMD
800. A log entry can include the time and date the controller
circuit 815 received the indication or other contextual infor-
mation of the non-SEU eflfect. Reading out the log from IMD
memory and communicating historical data regarding a non-
SEU effect to an external device can help in troubleshooting
the IMD 800.

In some examples, the IMD 800 includes one or more
sensing features and the 1onizing radiation exposure sensor
810 1s an 10nm1zing radiation dose rate sensor. An example of a
sensing feature 1s a cardiac signal sensing circuit 845, The
cardiac signal sensing circuit 843 provides an electrical signal
representative of an intrinsic cardiac signal. The controller
circuit 815 blanks one or more sensing features of the IMD
800 when the 10n1zing radiation dose rate sensor detects high
flux 1onizing radiation. Blanking the sensing feature can
include 1gnoring sensed signals, or disconnecting or enabling
circuits that provide the signals. In certain examples, the
blanking includes blanking of an accumulated 10n1zing radia-
tion exposure sensor. In certain examples, the blanking of
sensing features 1s done via programming of the IMD 800 by
an external device.

The above detailed description includes references to the
accompanying drawings, which form a part of the detailed
description. The drawings show, by way of 1llustration, spe-
cific embodiments 1n which the invention can be practiced.
These embodiments are also referred to herein as “examples.”
All publications, patents, and patent documents referred to in
this document are incorporated by reference herein 1n their
entirety, as though individually incorporated by reference. In
the event of inconsistent usages between this document and
those documents so incorporated by reference, the usage in
the mcorporated reference(s) should be considered supple-
mentary to that of this document; for 1rreconcilable 1nconsis-
tencies, the usage 1n this document controls.

In this document, the terms “a” or “an” are used, as 1s
common 1n patent documents, to include one or more than
one, independent of any other instances or usages of “at least
one” or “one or more.” In this document, the term “or’ 1s used
to refer to a nonexclusive or, such that “A or B” includes “A
but not B,” “B but not A,” and “A and B,” unless otherwise
indicated. In the appended claims, the terms “including™ and
“in which” are used as the plain-English equivalents of the
respective terms “comprising” and “wherein.” Also, 1n the
tollowing claims, the terms “including” and “comprising” are
open-ended, that 1s, a system, device, article, or process that
includes elements 1n addition to those listed after such a term
in a claim are still deemed to fall within the scope of that
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claim. Moreover, 1n the following claims, the terms “first,”
“second,” and “third,” etc. are used merely as labels, and are
not mtended to impose numerical requirements on their
objects.

Method examples described herein can be machine or
computer-implemented at least 1n part. Some examples can
include a computer-readable medium or machine-readable
medium encoded with 1nstructions operable to configure an
clectronic device to perform methods as described in the
above examples. An implementation of such methods can
include code, such as microcode, assembly language code, a
higher-level language code, or the like. Such code can include
computer readable mstructions for performing various meth-
ods. The code can form portions of computer program prod-
ucts. Further, the code can be tangibly stored on one or more
volatile or non-volatile computer-readable media during
execution or at other times. These computer-readable media
can 1nclude, but are not limited to, hard disks, removable
magnetic disks, removable optical disks (e.g., compact disks
and digital video disks), magnetic cassettes, memory cards or
sticks, random access memories (RAM’s), read only memo-
ries (ROM’s), and the like.

The above description 1s intended to be 1llustrative, and not
restrictive. For example, the above-described examples (or
one or more aspects thereol) can be used 1n combination with
cach other. Other embodiments can be used, such as by one of
ordinary skill 1n the art upon reviewing the above description.
The Abstract 1s provided to comply with 37 C.F.R. §1.72(b),
to allow the reader to quickly ascertain the nature of the
technical disclosure. It 1s submitted with the understanding
that 1t will not be used to interpret or limit the scope or
meaning of the claims. Also, in the above Detailed Descrip-
tion, various features can be grouped together to streamline
the disclosure. This should not be interpreted as intending that
an unclaimed disclosed feature 1s essential to any claim.
Rather, inventive subject matter can lie in less than all features
of a particular disclosed embodiment. Thus, the following
claims are hereby incorporated into the Detailed Description,
with each claim standing on its own as a separate embodi-
ment. The scope of the invention should be determined with
reference to the appended claims, along with the full scope of
equivalents to which such claims are entitled.

What 1s claimed 1s:

1. An implantable medical apparatus comprising;:

a plurality of solid state electronic circuits disposed at a
plurality of different locations 1n the apparatus;

a plurality of 1omzing radiation exposure sensors disposed
at the different locations and configured to generate an

indication of a non-single-event-upset (non-SEU) el

ect
to the correspondingly located solid state electronic cir-
cuit from an exposure to 1omzing radiation, wherein an
1onizing radiation exposure sensor includes at least one
circuit structure to detect the exposure to 10ni1zing radia-
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the solid state circuit, and wherein the 1on1zing radiation
exposure sensors respectively monitor at least two dif-
ferent types of operating parameters ol respectively cor-
respondingly located solid state circuits; and
a controller circuit communicatively coupled to the 10n1z-
ing radiation exposure sensors, wherein the controller
circuit 1s configured to quantily the effect to the solid
state electronic circuits using the different monitored
operating parameters.
2. The apparatus of claim 1, wherein the controller circuit
1s configured to alter operation of the apparatus according to
the indication of the non-SEU effect.
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3. The apparatus of claim 1, including:

a plurality of solid state electronic circuits configured to
perform different functions at a plurality of different
locations 1n the apparatus; and

wherein the controller circuit 1s configured to 1nhibit or
deactivate a function of the apparatus when an 10n1zing
radiation exposure sensor indicates a permanent non-
SEU etfect to the solid state electronic circuit at a loca-
tion corresponding to the function.

4. The apparatus of claim 1, including a comparison circuit
communicatively coupled to an 1onizing radiation exposure
sensor and the controller circuit, wherein the 1oni1zing radia-
tion exposure sensor mcludes a test transistor, and wherein
the controller circuit 1s configured to alter operation of the
apparatus 1f the comparison circuit indicates a shift in an
operating curve of the test transistor after exposure to radia-
tion.

5. The apparatus of claim 4, wherein the test transistor
includes a test field effect transistor (FET), and wherein the
comparison circuit 1s configured to indicate a shift in drain-

source current for a specified gate-source voltage applied to
the test FET.

6. The apparatus of claim 1, including a comparison circuit
communicatively coupled to an 1onizing radiation exposure
sensor and the controller circuit, wherein the 1oni1zing radia-
tion exposure sensor includes a test junction diode, and
wherein the controller circuit 1s configured to alter operation
of the apparatus 11 the comparison circuit indicates a shift 1n
an operating curve of the test junction diode after exposure to
radiation.

7. The apparatus of claim 6, wherein the 10n1zing radiation
exposure sensor includes a test amplifier circuit that includes
a bipolar junction transistor, and wherein the comparison
circuit 1s configured to indicate a shift in signal gain of the test
amplifier circuit for a specified input signal applied to the
amplifier circuit.

8. The apparatus of claim 1, wherein the radiation exposure
sensors include at least one of:

a PN junction diode test circuit;

a schottky junction diode test circuait;

an N-channel FET test circuit;

a P-channel FET test circuit;

an NPN bipolar junction transistor test circuit; and

a PNP bipolar junction transistor test circuit.

9. The apparatus of claim 1, wherein an 1onizing radiation
exposure sensor comprises an accumulated 1onizing radiation
exposure sensor and 1s configured to generate the indication
of a non-SEU effect to the solid state electronic circuit from
the solid state electronic circuit’s accumulated exposure to
ionizing radiation.

10. The apparatus of claim 9, wherein the apparatus
includes an 1onizing radiation dose rate sensor communica-
tively coupled to the controller circuit, and wherein the con-
troller circuit 1s configured to blank the indication from the
accumulated 1onizing radiation exposure sensor when the
radiation dose rate sensor indicates that flux 1onizing radia-
tion exceeds a flux 1onizing radiation threshold.

11. The apparatus of claim 1, wherein an 1onizing radiation
exposure sensor 1s an 1onizing radiation dose rate sensor
configured to generate the indication of a non-SEU eflect to
the solid state electronic circuit from the solid state electronic
circuit’s exposure to flux 1onizing radiation that exceeds a
flux 10nm1zing radiation threshold.

12. The apparatus of claim 11, wherein the apparatus com-
prises a cardiac function management (CFM) device, and
wherein the controller circuit 1s configured to blank any sens-
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ing features of the CFM device when the 1onizing radiation
dose rate sensor detects high flux 1onizing radiation.

13. The apparatus of claim 11, wherein the 10n1zing radia-
tion dose rate sensor includes at least one of a junction diode
or a bipolar junction transistor.

14. The apparatus of claim 1, wherein the apparatus 1s a
CFM device, wherein the controller circuit 1s configured to,
according to the indication of the non-SEU effect, transition
the CFM device to a mode that provides pacing therapy to a
ventricle when a V-V 1nterval exceeds a specified ventricular
interval without timing the pacing of the ventricle from an
atrial cardiac event, and that provides pacing therapy without
regard to any intrinsic cardiac depolarization event occurring,
in the ventricle.

15. The apparatus of claim 1, including a read only memory
(ROM) communicatively coupled to the controller circuit,
and wherein the controller circuit 1s configured to, according
to the imndication of the non-SEU effect, transition the appa-
ratus to a mode where the controller circuit only performs
program 1nstructions that are included 1n the ROM.

16. The apparatus of claim 1, including a reset circuit
communicatively coupled to the controller circuit, and
wherein the controller circuit 1s configured to initiate areset to
the apparatus according to the indication of the non-SEU
elfect.

17. The apparatus of claim 1,

wherein a solid state electronic circuit comprises an inte-
grated circuit (IC),

wherein an 1onizing radiation exposure sensor 1s config-
ured to indicate a shift in a first operating parameter of
the IC, and

wherein the controller circuit 1s configured to modify a
second operating parameter of the IC to accommodate
the shift in the first operating parameter.

18. The apparatus of claim 1, including a plurality of inte-
grated circuits (ICs), each IC including including at least one
of the plurality of 10n1zing radiation exposure sensors com-
municatively coupled to the controller circuit, and wherein
the ICs are fabricated using different IC processes.

19. The apparatus of claim 1, including:

a memory communicatively coupled to the controller cir-
cuit and configured to store an indication of the non-
SEU effect; and

a communication circuit communicatively coupled to the
controller circuit and configured to communicate with
an external unit, and wherein the controller circuit 1s
configured to communicate the indication of the non-
SEU etlect to the external unit.
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20. The apparatus of claim 1, wherein the 1onizing radia-
tion exposure sensors are disposed with varying orientations
to detect exposure to varying orientations ol 1onizing radia-
tion.
21. The apparatus of claim 1, wherein the implantable
medical apparatus 1s included 1n at least one of a CFM device,
a neural stimulation device, a drug delivery device, or a diag-
nostic device.
22. The apparatus of claim 1, including a memory commu-
nicatively coupled to the controller circuit and configured to
store an operating curve value for at least one 10ni1zing radia-
tion exposure sensor circuit, and wherein the controller cir-
cuit 1s configured to quantity the effect of 1onizing radiation to
a correspondingly located solid state electronic circuit using
a comparison of a monitored operating curve value to the
stored operating curve value.
23. A method comprising:
detecting exposure of a plurality of solid state electronic
circuits disposed at different locations of an implantable
medical device to 1omizing radiation by respectively
monitoring at least two diflerent types of operating
parameters of respectively located solid state circuits;

quantifying the effect to the solid state electronic circuits to
the 10onmizing radiation using the different monitored
operating parameters; and

generating an indication of a non-single-event-upset (non-

SEU) effect to the solid state electronic circuits from the
exposure to 1onizing radiation.

24. The method of claim 23, wherein detecting exposure to
1onizing radiation includes detecting exposure using an accu-
mulated 10mzing radiation exposure sensor that generates the
indication of a non-SEU ellect to the solid state electronic
circuit from the solid state electronic circuit’s accumulated
exposure to 1on1zing radiation.

25. The method of claim 23, wherein detecting exposure to
ionizing radiation includes detecting exposure using an 10n-
1zing radiation dose rate sensor that generates the indication
of a non-SEU effect to the solid state electronic circuit when
the solid state electronic circuit 1s exposed to tlux 10mzing
radiation that exceeds a flux 1onizing radiation threshold.

26. The method of claim 23, including communicating,
historical data regarding a non-SEU elffect to an external
device.

277. The method of claim 23, including altering operation of
the IMD according to the indication of the non-SEU effect to
the solid state electronic circuit.
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